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upon the relevant io:.zation and propagation physics and in the context of air surveiltance for the
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1.0 AIM System Concept

Strategic defense of the continental United States (CONUS) depends upon our ability to detect and
track potential threats approaching at long ranges, allowing adequate time for assessment and reac-
tion. To address this critical need for early warning surveillance, well beyond the line of sight
(LOS) of traditional radars, the U.S. Air Force has developed and is currently operating the Over-
the-Horizon Backscatter (OTH-B) radar surveillance system (AN/FPS-118) [1]. In addition to
OTH-B, the U.S. Navy has develeped the Relocatable Over-the-Horizo.1 Radar (ROTHR), the
AN/TPS-71(2,3]. Operational results from the initial east coast facility indicate that OTH-B will
serve as a valuable cornerstone to the early warning surveillance capability required for CONUS
defense. The threats of particular current interest are penetrators that exhibit small radar cross
sections, including air launched and submarine launched cruise missiles (ALCM and SLCM). T'his
threat will become more important in theater warfare as well over the next few decades. The ability
to supplement current wide area surveillance with reliable, all weather, continuous detection and
tracking of low flying. low observable targets is paramount to the successful implementation of
both strategic and tactical air defense strategies.

Recognition of the f..rformance iimitations associated with the natural ionosphere motivated a
number of investigators (¢g. A. Drobot and D. Papadopoulos; A. V. Gurevich [4,5]) to propose
the creation of an Artificial lonospheric Mirror (AIM) in the upper atmosphere, in order to reflect
ground-based radar signals for OTH surveillance. The AIM is produced by beaming sufficient
electromagnetic power to the lower ionosphere (around 70 km) to enhanze the in situ ionization
level to 107- 108 electrons/em3, thereby providing an ionized layer capable of reflecting radar
frequencics of 5 - 90 MHz. This paper presents a baseline AIM sysiem concept and an associated
performance ¢valuation, based upon the relevant ionization and propagation physics in the context
of air surveillance for the cruise missile threat. Results of the subject study indicate that a system
using this concept would both conplement and enhance the performance of the existing skywiave
OTH radars, as illustrated in Figure 1. Performance analyses for the projected system show that it
has the putential for providing reliable and ~onsistent detection and tracking of the cruise missile
threat.

The performance characteristics of a stand-alone AIM syswem are highlighted by

200-1200 km detection/tracking ranges (depending on target altitude),

azimuth coverage over 360°, or any fractional sector,

beam grazing angles of less than 10 degrees (for 65-80 km high AIM),

goexd hortzontal polanzation control,

operation at RF's in the HF to low VHF (to about 90 MHz), and

s 90% detcction probability of 2 <25 dBsm warget ai 1,000 km range, providing 30 d8
of margin for typical low observable threat projections at VHE.

L] » * L »

The performance of a normwal skywave OTH system can be znhanced by providing an addivonai
AN sector (Figure 2), which has sustained operation in the 20-30 MHz regime independent of
time of day, latitude, look angle, and ionosphenc state. The introduction of an AIM, located at the
appropriate altitude, will create a reliable and predictable reflection of the HF energy between the
rachar site and the area of itterest. An AIM adjonct to a conventional HF skywave radar can offer
substantially improved perfonmance with regand wo:

+ filling in the range hole that exists out to about 1000 km duc to the minimum
hop distance, _
+ mutigaton of aurora! effects i polar directed surveillance sectors,




SKYWAVE OTH SKYWAVE OTH
WITHOUT AIM WITH AIM
Blinded by ionospheric vagaries Independent of ionospheric vagaries
Skip zone permits undetected nearby launch Skip zore filled in

Small targets unssen at night
Large clutter backscaiter

minimum grazing angle

Nightime performance maintained
Horizontal polarization reduces clutter

Figure 1. An AIM-Based Radar Will Serve as a Valuable Complement to a Skywave OTH Radar

sustained operation through periods of increased sunspot activity and other iono-
spheric degradations,

availability of the upper end of the HF spectrum during the diurnal ionospheric
cycle, and

improved detection of LO wrgets through frequency selection and positive polar-
ization control.

In addition, an AIM based system is not restricted to the HF band, but can operate in the lower
VHF band, which has several advantages over HF:

less crowded band permits broader bandwidths, resulting in better resolution and
increased sensitivity.

lower noise temperature, allows higher signal-to-noise ratios and improved
detection performance.

resonant frequencies for cruise nvssile types of targets, allowing long range
detection of wherwise very BToult to detect threats, as Wlustrated in Figure 2.

Specific issues influencing an AIM system design fall into one of three primary categories:

AIM heater design trade-of’s, which determine how well one can comrol the
production of an AIM layer,

AIM RF propagation cffects, which allow one to assess the quality of the reflected
radar wave (eg. absomption, wavciront distortions, doppler spreading, and Faraday
rotation), and

Environmental and operational requirements, which specify the threat and nussion
context in which the AIM system must perform.

This report will present results conceming cach of these issues, highlighting and quantifying those
mast cnitical in detemmining the boitom-line radar system performance.
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Figure 2. AIM Provides an Additional High Resolution, Highly Available Surveillance Sector




2.0 AIM Formation and Control

2.1 Background

Results from theoretical analysis and numerical modelling indicate that a uscful AIM consists of an
ionized layer, with an electron density gradient increasing with altitude from the ambient state 10 a
density with plasma frequency corresponding to the radar frequency. The AIM layer is oriented
with an inclination (~ 40°-45°) and has a slight curvature to allow the radar wave to refract over a
15° elevation beamwidth, providing range coverage from 200 to 1,200 km. In addition, the AIM
azimuth orientation is incrementally stepped over the desired angle of surveillance.

Figure 3 illustrates the system timing dependence between the AIM heater operation and the
surveillance sequence of the radar. The illustration shows the time coordination of the AIM heater
and the radar at three time scales. The coarsest scale (bottom) indicates the sequence of patch
creation, followed by radar dwell. Using this strategy, the direction of the radar dwell can be
changed at each dwell (by creating a new patch orientation), thereby achieving a scanning radar
beam. The middle time-line shows a single AIM creation/dwell period, in which the AIM is
created (approximately 10 to 50 ms), followed by a short cooling time (less than .1 ms), and a
radar dwell for the life of the cloud (~ 1s). The size and orientation of the AIM relative to the spot
size of the focussed RF heater beam (~36 m diameter for this case) requires that the AIM creation
be performed with a raster scanning procedure. Figure 3 illustrates the time sequence for this
scanning procedure, in which a complete AIM is formed by moviag the heater focus along a
stepped sequence of horizontal sweeps (each sweep produces a bar of ionization the width of the
patch and takes ~ 70 to 350 us). The altitude at which ionization occurs is determined by where
the power density exceeds the breakdown threshold. Positive control of this altitude is achieved by
using a large, parually filled, array and focussing the beam so that the AIM is formed on the front
side of the focus. The focal position is controlled so as to follow a surface contour having the
desired azimuth and elevation onentation and a slight curvature to allow for radar beam divergence
aver the azimuth elevation required for surveillance. This procedure is referred to as “painting”
and 15 notionally illusvrated in Figure 4. Based on our current understanding of ionization physics
and cun, it technology. a typical AIM will require on the osder of a 10 to 50 ms to paint.

A central issue concemed with evaluating the feasibility of the AIM conceptis how relizbly one can
create the AIM within tolerances necessary for useful reflection of the radar signal. Issues thi
directly impact usefulness include: size, shape, oricatation, uniformity, smoothness, peak electron
density, steepness of the density gradient, and density lifetime. In order to adequately address
these issues, one needs a comprehensive understanding of the phenomenology (validated
cxpenimentally) and a careful analysts of the heater sysiem design parameters as they inpact plsnt
formation control. The underlying physics has been a major focus of study and the results are
repotted in [6]. The system trade-off considerations indicate that the AIM can be created using
current techaology, with the necessary radar reflective characteristics to provide wile arca
surveillance and early detection and tracking of the ALCM/SLOM threat of the future. Specific
results of the system trade-of f studies are presented in the following discussions.

2.2 Vertical Electron Density Profile Control

As indicated above, altitude control of the AIM fonnation is achicved by utiizing a large Vacussed
heater amray, so that 1onization begins on the front edge of the focus (power density is increasing
with altitude). Breakdown initiates where the power density reaches a threshold fevel (30 KWim?
@ 69 kin alutude and heater frequency. f = 325 MH2), and rapidly mercases in ionmizatien vage
abovg this level. As the number of clectrons increase. absoiption of the heater wave begins
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reduce the power reaching altitudes above the critical altitude and continues reducing the power
level until it drops beiow the threshold. This "self-absorption” mechanism limits ionization levels
to plasma frequencies well below the heater frequency. Figure § illustrates a time evolution of the
ionization Jarocess as a function of altitude. This figure clearly shows the limiting of the peak
density and the steepening of the electron density profile over time. This steepening is due to the
fact that self-absorpiion causes the ionization to stop at the higher altitudes first and then to walk
back toward the critical altitude. Upon examination of the graph, we note that the critical power
density for this situation is approximately 45 dBW/m2. Moreover, when the power density has
atienuated below 42 dBW/m? at 70 km altitude, there is no further ionization at that altitude.

Whiie many factors impact the resulting electron density profile, the major influencing factors,
within control of the system designer, are the heater frequency, dwell time, and the power density
gradient. Increasing the heater frequency reduces the absorption rate, thereby allowing higher peak
plasma densitics. Longer dwell time allows the the profile to walk further back toward the critical
ahtitude, hence increasing the final density gradient. The third factor, power density gradient,
determines how rapidly the power density is increasing beyond the threshold density and
consequently how much absorption is required to reduce the field strength down to the critical
level. While higher power density gradients produce higher peak plasma frequencies, increased
gradients are obtained at the expense of smaller beam widths and thus smaller ionization areas.
Approximate relationships between these factors and the electron density profile parameters have
been empirically determined for AIM formation at 70 km altitude [7]. The peak electron density is

Power Density (dBw/m 2)
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Figure 5. Growth Through Time of AIM Cloud with fi =425 MHz, t= 12 ps (1 s step wze)
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Ne =min| Nl 5 exf8.a x 102 (PP ), 2107 4 vp,'S | (1)

and the electron density gradient is

Do = min( 14exp(6.5x 100 238 ) 7.5 x 104 max (WP} ), @)
where Py = power dcnsityaubg_mwnk(W/mz)
S = heater frequency (GHz)
T = pulse length (isec)
N, = ambient electron density (cm’3) =10*cm” at 70 km
VP, = powerdensity gradient ag the glectron density peak (dB/km).

In each case the first term in min{-, -} represents the growth phase of the cloud, while the second

term represents the maximum or clamped state of the cloud. As tincreases, the growth formula
approaches and finally reaches the value of the clamped formula, at which point the second term
becomes the valid expression. Since these relationships are only valid for a neutral density
corresponding to 70 km altitude, in order to support a full system design trade-off, they will be
expanded to account for altitude dependence (ic. sensitivity to neutral density).

As will be discussed in Section 3.0, these profile characteristics have important implications
relative to utilizing the AIM as an RF reflector, determining both the maximum uscable frequency
(MUF) and the amount of absorption and wavefront distortion incurred while the wave trassits the
cloud. Therefore, the AIM system engincer must carefully trade-off the relevant hzater
charactienstics and resulting performance degradations against overall cost considerations. 1n arler
to adequately perform such a trade-off, the relation between heater/AIM characteristics and system
perfonmance must be quantified. Quantfication of two major factors is discussed in the following
two subsections, while the remaining issues are addressed 1n Section 3.0.

2.3 Heater Control Errors

As mentioned above, formation of the AIM plasma will be achieved by RF radiation from a very
large ground-based phascd array.  Since neatral density ana electron density spatial vanations are
iess than .05% over AIM scate lengths [8], the primary source of plasma irregularities will be duc
1o heater scanning and control. The objective of the following analysis and associated discussion
1s io dderive and evaluate some rough measures of sensitivity between the inherent uncentaintics in
generating the individual heater element wavefonms, the resulting pertutbations i AIM breakdown
location, and subsequent impact on radar system perfurmance. Deviations in wavefoim generation
at the clemeat level result in corresponding deviations in the desired power density profile in the
breakdown region.  Three specific potential sources of ervor are considered:

»  simiple additive noise,

« amphtude distortions, and

s phase distortions.
Whiic tie following discossion specifically addresses issues related to a large digitally controlled
sohid state heater. the results can be readily applied to high power ndcrowave sources.

Examples of potential causes of thess errurs include quantization crrors in the digital csrouiry,
digital-to-analog conversion crross, power amplifier gain deviations and distontions, and tinung
errors in the waveformn control circuitry.  Each of these factors is constdered refative to what s
readily achievable with current teshnology and how these performance limitatioas impact the patch
integnty.




Results of this analysis indicate that although the power density/breakdown dependencies require
relatively accurate control of the power density profile (c.g. to within .003 dB, which corresponds
to a SNR at the focal point of 68 dB), the large number of independent heater elements resul:. 13
significant integraticn gains (e.g. a configuration of 40,000 elements reduces the 68 (3
requirement at the focal point by 46 dB to only 22 4B at the element level). A summary of <«
impact of this integration gain on what is achievable with currently available hardware technol v
is summarized in Table 1.

Table 1. Heater Error Budget Achievable with Currently Available Hardware

Error Factor Deviauon in AIM Location
Quantization Noise 0.13m
D/A Noise OO m
Power Amplificr Distortions <.B3m
Phase Deviations 33m
Cumulative Error (Worst Case) 36m

For the surveillance radar frequency operating at 50 Mhz, the patch irregularities indicated by the
curmulative error is on the order of .06 wavelengths. As indicated by Greene's analysis [9), an
aperture with rms phase errors of this order of magnitude will experience minimal performance
degradation (less than .3 dB reduction in gain, less than 2% increase in beamwidth, and root-
mean-square (rms) beam canting less than 10% of the beamwidth). Furthermore, when path
averaging of the rudar wave within the plasma is taken into account, the results indicate that the net
effect oa radar performance is negligible {(~ .02 dB).

In the following discussion, we derive the relationship between element waveforni errors and the
resulting error in plasma breakdown iocation.  Each potential error source 18 related o an
cijuivalent element waveform error. These two relationships are then combined to determine the
sensitivity of the AIM breakdown location to cach neise factor. The consequent AIM location
creors are used in Section 3.0 o evaluate the impact these factors have on radar detecuon.

2.3.1 Sensitivity Relationships
Figure 6 illustrates the basic paich-heater geonmetry with the indicated paramcters defined as-

r desired lacaton of the array focus, relative o the center of the heater,

X = locaton of the ath heater clement, relative 10 the conter of the heater,
En) =  desired electric field at locatton £ and unx ¢,
Eq) = desired cloment wavefonn,
2@ = cloment amplitude gain pattern, and

& = l£-2aMy. g5, unit direction vector from the ath eloment.

For 2 heater amay with N clemients and ¢ denoting the speed of hight. the wleal dlectnic ficld iterany
is given by the summiod coninbutions from cach clement,

N .

-y ¥ .[5 .r D“/ \
Eco = ) ;{eniéi‘ LT

s dxilp - g 0i¢

= BN dalede vonma
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Figure 6. Geometry of Heater Array Sensitivity Analysis

where P is the polarization orientation of the electric field and lirll >> llxll.

Equation (3) provides the relationship between the electric field intensity at location r and the ideal
element waveforras. For a non-ideal waveform, we assume that g(¢,)E(f) has been perturbed by

an additive noise process, 7),,, which has zero mean and variance E{In,(5)2) = 0,72, where E{ - }
denotes the statistical expectation. The actuai contribution to E(r,f) by each element is

&{PnlEAD) + nd) .
In the analysis to follow, we assume the element errors are uncorrelated from element to element.

This appears to be a reasonable assumption for the error sources mentioned above.! Given this
assumption, the desired power density and potential noise power at the focal point of the heater are

Pr=E () ?) = N2E? @)
and

o=E

Nooq2
l_}}q.(:* }:No?,. (5)

In equations (4) and (5) we have approximated the 1/l - X411 spreading loss 10 be the same for
each element, thus omitting the common 1/(4xR?) factors from (4) and (5). In addition, 10

' Onc possible excention is the timing circuitry. Timing errors due to system clock jitter would correlate across

all of the heater clements. This is discussed in more detil at a later point in the paper.




simplify the analysis, we assume that E, is generated such that the magnitude of the g(¢,)E, are

equal (Ig(@s)Exl = E). Combining (4) and (5) gives the signal-to-noisc ratio (SNR) of the power
density at the focal point of the heater

NIER
SNR = -——;2— = N SNR. , (6)

203

where SNR, is the signal-to-noise ratio at the output of each individual heater element.

In order to relate the SNR at the focus of the array to resulting irregularities in the patch breakdown
location, we will cunsider the effects of deviations from the desired power density profile on
breakdown location. Figure 7 illustrates a representative power density profile in one dimension
with the corresponding plasma electron density after breakdown. In the region of breakdown, the
power density is approximated by

10 logidP) = az+ B, 0

where z is the altitude from the heater array. Using (7), a small deviation in power, AP, will result

ir -1 ..""itude offset, Az; representing the difference between the desired location, at which the
power aeasity reaches the critical breakdown level, P, and the actual location of the critical powes
density,

= 10 AP
Az alogw(l + Pc) . (8)
A linear approximation in (8) gives
= 10 4P 9)

aln(10) P,

If the 1,,(0) 's are indgpendent random processes, the central limit theorem implies that Az is a non-
central chi-squared random vaniable, with mean and vaniance derived from (9)

?‘ -~ -»—-lQ.w e g&.
ﬂd' o % m(10) P, (10)
and
240" (;g’__) o l20 2 enrpl
% - [aln(l())] ( oy aln(lO)} SNRE. {an

In (10) and (11), o} represemts the vanance in the combined field error at the breakdown altitude,
due to all clements and SNR, is the signal to noise ratio at the breakdown point. SNR will be less
than at the focus, because defocussing of the elements causes the expected ficld intensity 1o be
reduced, while the sum of independent clement srrors is not affected by the phase difference
between clements.  Combining equations (6). (10), and (11) gives the vanance in the crror

between the average breakdown location, 2, and the actual locauon, 2, + Az,

10




\

\\_} 1010g 1+ 4)

10 log5(F) /

Power Deasity - 10 log o (P)

' “~ Electron density

Altitude - ¢

Figure 7. Iilustration of the Breakéown Dependence Upon Power Density Perturbations
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where £ is the relative amount of focus (ic. Po/Py).

in order to use (12) as the basis for cvaluating the impact of potential heater array errors on patch
location, each of the error sources to be evaluated must be tied 10 an equivalent additive noise error.
For small scale errors, the three potential sources of error can be related to SNR, as shown in

Table 2. In Table 2, Y(t) corvesponds to the relative amplitude distortion (i.c. 100 oy is the percent
nus distortion) and yAr) is the absolute phase error.

Table 2. Equivalent Additive Element Noise £ SNR's for Three Classes of Srrors!

Additive Noise Amplitude Distortion Phase Eror
1) K W)
|E] § G
Sy 2 o o)
20% o3 (cow. gow2)

Y The SNR s have been denved by assuming that 1) the amplitude aistortion peoduces an clectsic ficld intensity
from cach clement of Ex(1 + ¢,)), whete €, is a 2cru mean enror and £, includes the clesicnt phasing and 2) the
phasc crror produces an clement field intensity E4exp(-0212) + Eq[exp(jyn) - exp(-a272)) . where the first tenn 1s the
average value and e sccond is the rardom 2eiv-ncan pererbation about the average. In cach case, the Nirst and

scoonud terms are sumrised aver alf elesnents and te mean and variance caleutated. The ratio of the squared mean
the vananee forms the ~csulung SWR. dividing this by e aumber of cloments gives ilic cquivalent SVR,.

11




2.3.2 Sensitivity Trade-offs

In this section we combine the results of Table 2 with equation (12) to obtain a family of trade-off
curves that indicate the expected rms AIM location etror as a function of the error contributions of
the four classes of error sources. For a given error budget assigned to each contributing factor, the
total rms error can be found by

7, =V + O + O (13)

) k]

where Gi,, is the error variation due to factor {. Figure 8 shows the dependence of the breakdown
location error on the element signal-to-noise ratio for three different power dencity gradients.

Expressing the noise levels for 1)(f) and (¢) in dB relative to the unperturbed waveform, the impact
of these perturbations on Az can be assessed directly from Figure 8. Figure 9 gives the sensitivity
f A. «o the phase error, yA1).

Table 3 provides an assessment of the achievable performance levels using currently available
technology. These numbers have been obtained from vendor specification data sheets and in-
house experience with r=lated hardwarc. The cumulative rms error from all factors in Table 3
provide a rms dev:.tion in break-down altitude of no more than .36 meters. This corresprnds to a
nrs deviation across the ALvi patch of less than .06 wavelengths for a 50 Mhz radar frequency.

E
§
§
[+4
[*]
K~ ]
8
£ Power Density Gradicat
2 0, . A
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00 mAdB
1000 mfAB... ..
Olml1ttﬁvjt'rtt]1ﬁ LI (R SN SR S
10 1) kg 40 50
ESNR . (dB)

Figure 8. Scasitivitv cf breakdown Location to Heater Element Signal-to-Noise Ratio
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Table 3. Impact of Achievable Heater Element Performance Factors on AIM Breakdown

Error Factor Achicvable Performance Equivalent SNR, Az rms!
Quantization Noise 1010 12 bits 60 dB QI m
D/A Noise l.. 63 dB 013 m

~3 bit
System Clock Jiner ¢ 2 -~ NA
e -3 @350Mhz NIA
Power Amplitier Distorion | < -40 dB THD @ 350 Mhz > 40 dB <.17m
Phase Deviations , < 1% s >35dB J3m

2.4 AIM Variations Due to Finite Step Heater Scanning

la the following discussion, we address the issue of AIM irregularitics due to the heater's finite
stej beam motion in the direction of the AIM inclinaton. Figure 10 iilustrates the step scanning of
the heater beam along a short segment of the AIM contour. In this figure, the heater dwells for a

given tme, Tseconds, and then steps the focal point a third of a beamwidth in the cross beam
direction and a corvesponding distance in the bore-sight direction. This dwell and step process is
repeated for the extent of the AIM. As ¥igure 10 shows, while the desired constant clectron
density contour is a line inclined at 45°, the actual contour due (o the quantization of the beam step
has a npple that oscillates about the desired contour. This irregularity in the AIM will produce &

V' Assumes breakdown power is 3 dB below the focus, & = 12
2 Sysiem clock jitter will alfect all clements unifomaly and will therclore tesull in a unung estor, bul nol a powet
densily perturbalion.




corresponding ripple in the phase front of the refracted radar wave. The extent of wavefront ripple
will depend both upon the magnitude of the contour ripple, as well as the depth of the plasma
density. A deeper plasma provides more refraction and correspondingly more smoothing of the
AIM irregularity, thus less phase front distortion.

65670
65660 — 3 Steps per 3dB Beamwidth
1
) Constant Electron ™
65650 ~ Y .
e Density Con .
g 1 . N,
. - \
< 65640
‘\\ “\
4 N, \
\\ “
65630 — N
\\
w A
65620 L L I R - I L '] 3 - I 1
300 310 320 330 340 350
Horizontal Extent (m)

Figure 10. Blustration of Heater Step Scanning

The objective of this section is to quantify the magnitude of these contour fluctuations and
determine what beam step sizes are required for acceptable radar performance. These irregularities
are studied both from a theorstical perspective, as well as from 2 straight-forward numerical
simulation of the heater step scanning and consequent ionization along the desired constant electron
density contour. Quantitative results are provided for the analytic derivations and compared to
electron density irregularities produced by the numerical simulation. These results indicate that,
within the nonunal parameter regime for the current AIM conceptual design,

1) the magnitude of electron density irrsgularitics falls off rapidly for paint step sizes less
than 172 beam width ana

2) a 174 beam step size produces a density Nuctuation with magnitude less than 1% of the
average and a corresponding location fluctuation less than .1 m.

The next section presents a derivation of the analytic relationships. These relationships are then
used in Section 2.4.1 to derive trade-off expressions for a specific heater beam example. Section
2.4.2 uses this result to present a quantitative trade-off between beam step size and resulting
density fluctuations. In addition, Section 2.4.2 comparcs the theoretical results with a numeric
simulation of a stepped heater beam and associated ionization.
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2.4.1 Analysis Of Stepped Beam Induced Density Fluctuations

In the following discussion, the heater array is assumed to be centered at (x,z) = (0,0) and is
painting a patch by stepping the beam focus from (- D,/2, z;- ¥D,/2) 10 (D,/2, 2;, D,/2). As
Figure 11 illustrates, each step moves the beam uniformly in x and z, (&, 8z) = (4, Y4).

The power density of the heater! can be described at the nth beam step by
Pix,2)= Pfg(x-nA,z-nAy), (14)

where g(x,2) is the heater beam relative gain pattern (g(0, zp) = 1) in the (x, z) coordinates and Pyis
the heater power density at the focus. For a step size 4 = W“ , the cumulative energy per square
meter is found by summing the contributicn of each beam dwell at (x, z)

Ni2
fx.2)= Y, Poglx-nd z-ndyt. (15)
n=NR

To simplify the following analysis, we assume that g(x, z) in the region of the focus is a function
of a weighted distance between the point (x, 2) and the focal point (0, z),

glx, 2) = glax2 + bz - 7)), (16)

where a and b determine the focal spread along the x and z axes respectively (ie. the beamwidth
and width of focus respectively).

While this form is not completely general, it does allow for a wide class of beam patterns, such as

ok o
exp(-d) and (5‘—:[4) in the focal rogion of the beam, where d = Vax2 + b(z - 292 . For a
pattern satisfying (16), we can show that

- - 2 ) ' :': 2
glx-nd. z-nay= g(ﬂ'iuf-;fﬂ +lasop)|na - EXED ) . an
a+ by a+by
and, for a contour in the (x, 2) planc defined by (z- 2y = {+ 1, we have
.nb(;"2 b 2
g =g - # (a + br") nd-x- __l,._ﬁ_ 4B R (I8)
a+bhy a+bhy

1 In this analysis we have ignored the effects of scif shsorplion on the heater wave. While this is an iniortant
phenomenon during the the patch creation process (leading to the seH-limiting nature of the paak ciccuren donsity ).
the cffect on the fluctuation appears to be one of limiting the electrad density to xome maxirwum. This wai lead o
{fluctuations in practice that are less than those predicted here.
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Figure 11. Geometry of Beam Scanning Effects Study
If we now define
bl
h(u;():*- +(a+bf)u2), (19)
a+by
the energy flux per square meter along the contour can be approximated by
fx,2) = P,li{nd - x-
,.;2,. ( a+br2 ¢ ;)
=P, I{u-x- 8 Q)z &u - nd) du
a bf L)
=P, u-x- explj2nll u)du (20)
{ a+ b)‘2 “¢ ,.?'__ p‘/ )

=, Z H{wa; Q) j'Zxﬂ x+2xB — 2.3 )
Aa+bhy

Rw

=t {u(o o+ Z 2H{ c)cos(zzﬂwon(c))}.

el
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In Equation (20) H(f; {) is the Fourier transform of A(u; &) in the u variable,

Hf. D= f h(u; §) expl-j2nfu) du . 2}

00

Equation (20) shows that the energy flux along contours parallel to the AIM surface consists of an

average flux, P, H(0; {), and a fluctuation with period equal to the beam step size. The Fourier
coefficients of the fluctuation are given by the Fourier transform of the beam pattern at frequencies

n . . . e . . . .
7 - For beam pattemns and step sizes of interest to us, the majority of fluctuation is contained in the

first harmonic, fy = 1/4. From (20), the first harmonic ripple relative to the average is

_2H(1/4 &)
HO: O

8¢ (22)

While the energy flux represented by Equation (20) is related to the ionization rate and consequent
electron density, the relationship is highly nonlinear and therefore (20) only gives a sense of how
the resulting density irregulanties will depend upon the heater step size. Derivation of a more
accurate relationship follows.

The electron ionization rate has been shown to have the following dependence on heater power
density

. P v, 2 - P -nlz
Vaer =9 X 109N ( /f’c(l + "Z‘fi-))expl ‘“5\/' ‘/P(l + Y—;;) J(l - GPIP,))
(23)
G{PIP) =317 x 104 exp (1.9 YP.TP),
where NV is the ambient neutral density, P is the critical power density requited for breakdown,

where the jonization equals reattachment (ic. (I - G(1)) = 0). Along the § contour the power
density is given by Py h{u, £). therefore the ionization rate at location x, § during the ath beam

dwell can be writicn as 2 function of%f hu; 0.

" f) b)} vl
vix,{n)=v|>2HnA-x-— X410 Q4)
Gn) (,,(l{ a+b72(;g))

Since the buildup of electron density in the regime of interest for AIM is of the cascade type, it is
described by an exponential function of Iv,(r)dt. Using (24) for the ionizatiop rate during the mh

beam dwell and letting N4(x, £} denote the ambicnt electron density, the electron density after the
complete heater scan s
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Nl §) =Nt Om(n ﬁﬂ V(%:- /(nd-x- b:yl & C\) f)

a+ J
-0 l‘
= No(x; ) exp(t{V(O; 4‘)+ Z 2\)(n/A: C) & s<2;:ﬂl + ¢,(§))})\‘ (25)
nsl A I
~ Notx; §) exp{t VAG; C)){l +T Y 29nA; ) cos (zm'tx - mo}} ,
where el 4
W O =I V(%: Hu; C)) exp(-j27fu) du . (26)

The steps for deriving (25) are analogous to Equation (20). Equation (25) shows that the electron
density along contours parallel to the AIM surface will exhibit fluctuations due to heater beam step

scanning. These fluctuations have a period equal to the beam step size, 4, with a relativs first
harmonic fluctuation magnitude proportional to the beam dwell time and the value of the Fourier

transform in (26) at fr=1/A. If we let the average electron density on contour & be defined as
Neave = NoCt; ) exp(7 WG ), (27)

the relative fluctuation in the first harmonic is

= m‘
T
=r2{1a: ¢ (28)

G s

Equation (28) comesponds to the ratio of the peak electron density fluctuation along the desired
constant density contour to the average density. In order to geantify (28), we must specify a heater
beam pattern, g(ax? + b(z~zf)2 ), an ionization rate vi(P), and then evaluate the Fourier transform in
Equation (26). While this process does not explicitly account for the change in beam patiern duc to
absorption, it does quantify the density variation during pre-clamping stages of ionization.

=

24.2 An llustrative Example

In the following discussion we use the resuits in Section 2.4.1 with a specific heater beam pattemn
w develop explicit relationships for Equations (22) and (28). For the purpose of illustration we
assunw a Gaussian beamn pattern in the focal region of the heater. For a 3 dB half-width of 8 and
8, in the x and 2 directions respectively, the heater beam pattern is expressed as

ey 5]
2 2
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Using (16) and (29) to identify the appropriate expressions for g and b, (29) can be written in the

same form as (16); hence, equation (19) gives
infL) (82 + Y8}
ex’l("{z” : ""x—}u2 ,

L)
B} + ¥B} B} B?

30

The Fourier transform of (30) in the u variable may be performed analv-ically, producing

7B2B2 L 7°B2B2
H(f, ) = '\/ln.(l Bz+)'233) F{BZ+7ZB2 L{’"{%}(B}-})ﬂﬁ})ﬂ) (31)

Substituting (31) into (22) and simplifying gives the relative energy fluctuaiion along the AIM

surface contour
5.z 2H(1/4; ) _ 72 (_L) (32)
H©: O inf}) 82 + )282

- . 28 .
Figure 12 shows a plot of d¢ as a function of —55 the number of heater scanning increments per

beamwidth. Although this plot is for specific parameter values, 8, = 34 m and B8, = 2,700 m, the
results are widely applicable across the potential operational regime of the AIM heater; since, for

By << B,,
Og = u% " iu(l) ) (33)

As Figure 12 illustrates, the fluctuation in icnization encrgy along a constant density comtown
becomes extremely small, for even moderate beam overlapping: for csemple, with only 2
increments per beamwidth the fluctuation in energy is 59 dB below the average encrgy. As will be
seen below, these low encrgy fluctuations translate 1ato correspondingly low eleciron density
flucruations.

In ord=r 1o obtain a closed form expression for the ionization rate and resulting electron density, we
will approximate the ionization rate by a Kili erder polynomial in ,,f. Substituting (30} into (33},

defining & such that P = Py - g oy + {), and using the polynomial approximation,

w)nv Azag{P)

Lo ¢! £ (341
AN ar )] | b
= l p(g 1;-.(.!.) (32+7~1}z) ”

- eX]

32 B
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Figure 12. Fluctuation in Energy Flux Versus Scanning Increment

Substituting equation (34) into (26 and performing the integration: gives the following Fourier
transform of v

i zR2p?
NED =N, A . 1.5 -
o/ i - 753

i K ( W(k i (Be +y8; 55)) m{k m(;)‘(zg;fzrsz)

Finaily, using (35) to evaluate (28),
& Elo{ e ave )
Na(x. §)
3 Qg’m,(k ;,.(L)( N \ M} (L\zl (363
=1 \‘1“ 2 BZ+ 7232 82 ) [.li{ )(82 + rﬁx) I
| faldi[ 2 ] |
Sttt o S5

As was indicated above, over the paramcter regime reicvant to AIM, 8; << 8, thercfore, (3
nay be approximated by

(33)

|l
|




oL s i )
&V ,{Na(:t' ) X QJ ,i_l'l{ﬂ 2_ 2\
§ mm{ el m),

(a7

Given a K order polynomial approximation for the ionization rate, Equation (37) gives the relative

electron density fluctuation along the desired constant density contour located { meters from the
heater focus 2. As (37) demonstrates, the fluctuation is a function of the heater focus dimensions,

B, and B,, the Sistarce from the focus to the altitude where ionization begins, {, and the heater
step size, 4. The next secticn will auantify these fluctuations for a typical set of AIM parameters.

2.4.3 Quantitative Results

A numerical simulation has been performed foi a specific set of heater beam parameters. The
simulation uses the one dimensional breakdown mode!, as defined in line 1 of Equation (23), for a
fixed value of § over a range of x encompassing the patch. Figure 13 shows the results of this
simulation over a short segment of the paich for tne following heater beam parameters given in
Table 4.

The fluctuation level measured for this simulation is compared to the analytic predictions derived in
the previous section. In order to quantify Equation (38), a 12th order polynomial approximation to

Table 4. Heater Beam Parameters

Focus aliude: ' ' 2f 72,000 m

Heater spot width at focus: ELE 36 m
“Heater spot focal width (in altitude): 28, 5500m

AIM Contour Distance from focus: ¢ 4,675 m

Distance from focus where iomaation begans: L -9,500 m
“Heater step size: A vanzble
“Time to siep through one beamwidih, T "T85 psec)

A

. N . . .
(5 was derived by selecting polynomial coefficients to minmize the HCAN-SYLATS CITON, Over
the power density range of interest. Figure 14 comapares the the resuling approimation wnh ihe
actyal curve for Equation (25) over the range .1 10 10. This includes the range of z";f;"«“ valies
[
along the { contour, for which significant sonizatien accurs. Using the resulting coefficients and
substituting the relevant heater parameters into (37) provides a guantitative expression {or trading

of { the heater step size agsinst the resulting lavel of electron density fluctuation. This relative
fluctuation can be tansiated into a catresponding location penurbation. When the fluctuations are

b Thae ume corresponds 1o a0 onizainoa time eoquired fo 2 300 MKz heator with an ERP of 185 0B, thus ume 1
dwwaer for begher frequessy. Wighor ERT toater configurations.
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small scale, perturbations are approximately linear. Therefore, the location perturbation is related
to the density gradicnt by

N\
&= aa:) '8~.'N¢.¢IU¢' (38)

For a lincar gradient with depth D, (38) is bounded by 8z < D &y, Figure 15 shows the
quantitative tradeoff between the heater's scanning step size and the resulting electron density
fluctuation and comresponding altitude fluctuation for the heater parameters given above. As this
plot indicates, the density fluctuation drops dramatically as the scan step size decreases below the

half beamwidth size. For a % beam ircrement, density fluctuatons are less than .1%, with
corresponding location errars less than .1 meter.
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3.0 AIM Propagation Effects

3.1 Background

We begin our discussion of the radar system performance with a brief derivation of a radar range
equation appropriate for AIM detection analysis. The AIM geometry differs from that of a
traditional radar by the introduction of the reflecting layer in the propagation path. This layer
intercepts the radar beam and refracts the intercepted wave toward the direction of the target.
Accounting for the reflecting area, losses during the reflection process, and the two phases of
spreading loss (pre- & post-reflection) make up the major difference between an AIM range
equation and a line-of-sight, monostatic radar.

The relevant radar system and patch geometry parameters are defined as follows:

Radar System:

el
pm W TS ,
AT ds = sec 0 dy, dax,

P, = average transmitted power
P, = average received power
G, = transmit antenna gain . R
Ar = receive aperture
f = RFfrequency (A = wavelength)
B = signal bandwidth
. @5 = angle of surveillance coverage !
T_g = sean time H
o
Ty = T, 8/0 (dwell time) I
Ly = radar system losses |
I* = towl effective noise temperature /
(including atmospheric noisc) i
O; = argetcross secuon

AIM Geometry/Losses:

AlM altitude A
range from the AIM to target i

incident angle ai the AIM

T =
[ I

A, = azmuthal dispersion off the AIM
Ae = clevation dispersion off the AIM

w = AIM width

I = AlMlength

Lp = AIM one-way ahsorption

Y = one-way Faraday rotaticn Py / Pax

Figure 16. AIM Geonetry Paraineweis




The appropriate expression for received power can be best understood by applying the Fresnel-
Kirchhoff diffraction integral across the transmitting aperture to calculate the field at the patch and
then across the patch to calculate field reflected through the patch to a target at a distance R from the

patch in direction of the reflection angle 6 (see Figure 16)[10, 11]. Assuming a constant
illumination across the antenna, the resulting integration can be expressed as

F(P) =) e"”('f"z(R 1 Ra)) o526 ds ds,, (39)
A°RiR,
S, Sx
where
- x3 a0 (- xP  (a-nf
R; " h + xytan6 2htan 6+ h + TH (40)
. o X3 2n. X3 Y3
Ry =R - xptanB - —5wn“6 + =% + == 41)

2R 2h 2
dsx = dxydyy, and dsp = secBdxady,. The approximate path lengths in (40) and (41) are used to

approximate the relative phase delays (Fresnel approximation), while retention of the first term is
adequate for accounting for the 1/R spreading loss. Substitution of (40) and (41) into (39) gives

o[ by

“AThR _
Sp Sx (42)
2 2 3 p
el ot L (3 :ik an? ()_3 zi))l 20 ds.ds
up‘h( 2+ (55 4341 - an?6) + S 492 llos26 dsdsy |

Squaring (42) and muhtiplying by the transmit power density at the antenna gives the power density
at the warger. Uzing the panciple of raciprocity, the reflected power from the target can be
caleuluted analogously, where the receive aperture is used in place of the transmit aperture.

The quadratic terms in the phase expression of Equation (42) divide the (w, I, 8, &, R) parameter
space inte numerous tegions, depending upon the relevance of the different guadratic phases to the

ivtepral. I general if the quadratic tenm, .rfhk/u(h + R) < .1, then that term can be omitted from

the phase argument. Consideration of the relevant range of values for (w, [, 6, A, R), leads o the
ronsderation of 4 parameter tegimes:



Cl: (IhPcos26(h + R) <1 ,@/2)2(;, +R) 1 o (12Pcos26(h + R) 51, (WhP{h + R) <.l
2AAR 2AhR 2ARR 2AhR

cy, URPeos?Oh+R) | (WpPA+R) | | UpPeos?@h+R) | (#pR(RER) |
2AhR 2AhR 2AhR 2AhR

These cases correspond to the radar antenna being in the Fresnel region (case 4), far-field (case 1),
or some combination thereof (cases 2 and 3), relative to the AIM. For example, a 50 MHz radar,
with an AIM created at 70km and a target at 1000 km, will come into the Fresnel region when !
exceeds 790 m and w exceeds 560 m. These cases are important, because they determine the
appropriate form for the field intensity range equation, as follows:

A, A,lcosO
Cl: |F(P)| a— C2 |F(P)| a 37
Alh +R) A"2(hR(h + R)
A wl
C3: |F(P)| a C4: [F(P)| o 2vicost

XW
2.3/2th' ¥R A%hR

In order to achieve the azimuth and elevation beam spreading consistent with the desired coverage
(1.5° to 3° and 15° respectively), the AIM surface profile will be slightly curved. This curvature
will cause different portions of the patch to reflect along different azimuth-elevation directions,
filling in the entire azimuth-elevation beam. For the purposes of system performance analysis, the
propagation can be modelled by assuming that the AIM and radar antenna are both in the far-field
with respect to each other (case 4). The resulting model can be partitioned into the four segments
of the radar wave's propagation to and back from the target. These four segments are transmitter-
w-patch, patch-to-target, target-to-patch, and patch-to-receiver. Each corresponding component of
the range equation accounts for the spreading loss, absorption, beam dispersion, and relevant cross
sections along the related propagation path. The power density at the end of each segment is
summarnized by

L PiG) [ Gp) [ o .[APGf-A,L,. (43)
lan w2} laz k2! lag ) Lana?
wansmit | pach rget pasch
A -t -0 -
patch argel pich civer

In (43) the effective AIM reflecting apenture and gain, Ap and Gp respectively, are given by

Ay =L, wlcos(0) (14)
and
G, = L) (45
4, A




For a coherent dwell and receiver noise given by kT, the signal-to-noise ratio at the radar is

SNR = ’—}#’- . 46)

Substituting equation (43) into (46) and combining terms gives

PG A2 G2 0, A, Ls Ty

SNR =
(4P h R4 4T

(47)

Equation (43) assumes that any losses due to Faraday rotation during the wave's transit is

negligible (i.e. 9p << 1). However, in the case of clutter backscatter (particularly sea clutter), even
small amounts of rotation can result in significant increases in clutter returns. This is due to the

large differences between horizontal and vertical clutter cross sections (Ou, & Gy ). Typical ratios

0, . N .
of —= are on the order of 20 dB or more. Taking these cross sections into account, the signal-to-
Chh
clutter ratio (prior to clutter cancellation) for a horizontal transmit and horizontal receive
configuration in sea clutter is given by

cos(y)
(oma + 0w )35 4o R

SCR = (48)

where B is the radar waveform bandwidth, ¢ is the speed of light, and y is the grazing angle at the
surface. As will be discussed below, the small, predictable amount of polarization rotation
imposed by the plasma layer allows an AIM system to exploit the large difference between
horizontal and vertical backscatter.

3.2 Absorption and Dispersion Losses

3.2.1  Absorption

The absorption of the radar wave duning reflectior has a major influence on the design and
performance of the radar system, and the need to create patches with low absorption strongly
affects the design of the heater system. The absorption of a patch is determined by the electron-

neutral collision frequency v, and the distance which a ray travels within the plasma. This
distance, in tum, 15 determined by the radar frequency and the electron density profile.

An intuitive appreciation of the importance of these factors in determining absorption may be
gained by examining an analytic resalt for the power absorption in decibels of a patch whose

p-asma density varies linearly with distance into the patch, until @, = @ (plasma frequency equals
the radar irequency) at a depth DY,

Lp = exp‘- 335(?) (%, cns3(6)) . 49)

1 A derivation of this result can be found in [12].




For typical AIM geometries, the angle of incidence (6)will be 35-45°. Although a linear plasma
density variation is not typical of those expected to be produced by AIM heaters, this expression is

useful for the qualitative insight it provides. Since 6 is fixed by the geometry, the absorption is
determined by D/A and v,,/«; if their product is small, the overall absorption will be small. Fora
given radar RF, the minimum value of v,/wis determined by the ambient collision frequency, and
D/A is determined by the focusing capabilities of the heater system.

Immediately after the patch is created, the electron-neutral collision frequency v, is very high. The

clectrons in the patch rapidly (on the order of 1 ys) transfer their energy to the neutral atmosphere,
and the collision frequency returns to its ambient value. The ambient value, which is the lowest
possible collision frequency at a given aliitude, is shown in Figure 17.
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Figure 17. Ambient Electron-Neutral Collision Frequencies

The ambient collision frequencies shown in Figure 17 represent an important restriction on the

altitude of the patch for practical AIM systems. For example, if we require that v, /o be less than
.1, we can see that a 50 MHz radar system is restricted to patch altitudes above 60 kilneters.

The time required for the patch to cool after fonmation also varies with altitude. Figure 18 below

shows, as a function of altitude, the time required for the clectrans to cool (v,,, is within a factor of
2 of its ambicat value). Because the fractional ionizatioa is very low, the cooling docs not result in
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any significant change in the neutral temperature. Note that in terms of the usgble lifetime of a
patch, which is expected to be of the order of .1 - 1 s, the ccaling times are quite short.

In addition to the heating effects during ionization, the cooled plasina may be reheated by the radar
wave if its power density is high enough. Since, the time required for reheating is of the urder of 1

us and decreases at higher powers, the use of short radar pulses to avoid this effect is limited.

Figure 19 shows the ratio of v, after heating to the ambient value for a 50 MHz radar and a patch
altitude of 70 kilometers.

Radar patch heating establishes an upper limit on the power density which the radar system places
on the patch. As the radar power density exceeds the threshold level for heating (about 0.1 W/m?
in the example above), the relationship between incident and reflected power becomes nonlinear.
At some point, a maximum reflection is reached, where additional power input causes additional
absorption sufficient to cancel the power increase. Above this, additional incident power actually
causes the reflected power to decrease. This limiting effect is shown in Figure 20.
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Altitude (km)

Figure 18. Cooling Time Variations with Altiude
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3.2.2 Dispersion Loss

Random errors during the patch formation process may result in patches which have small-scale
departures from the desired shape. The causes of these errors and their expected magnitude have
been discussed in Section 2. In this section, we examine the impact of heater beam random
positional errors on the radar system.

In order to assess the impact of errors on the ultimate performance of the AIM radar system, we
first derive the relationship between rms patch irregularity and the resulting reduction in effective
patch gain. Figure 20 illustrates the relevant two dimensional geometry and associated parameters
for the AIM cloud.

Figure 21. AIM Cloud Geometry

Using the ray path model indicated in Figure 21, the direction of the exiting riy, [J(x, 2) is related
i the spatial phase gradient, V¢(x, 2), of the propagating wave by

qu.[. ?.)

. (50
k

. 2) =




where k = 2#/A, is the wave number and ¢(x, z) is the relative phase of the wavefront at location
(x, z). The unit vector in (50), which is locally orthogonal to the surface of constant phase, is
given by the direction of the ray leaving the plasma,

[ sin@¢ + 8x, 2))
l_cos(ZC + 6L(x, 2))
At any given point in time, the relative phase of the exiting wave at the plasma surface can be found

by integrating the phase gradient projected along the direction parailel to the plasma surface. In
terms of the parameters indicated in Figure 21, the relative phase along the AIM surface is

b = dbsin({), Lcos(C)))

nx,z) = (51)

13
= do-k j codl¢ + 8¢u sin(0), u cos($))) du (52)
&
L
= -k ([- Lp) cos({) + k sin(g)j 60(u sin({), u cos(§)) du.
&
where
{ = the distance along the AIM surface (in the plane of inclination),
L, = the distance from the point of entry to the point of exit, for the unperturbed plasma,
and
d¢(x, 2) = the direction error of the exiting wavefronat at (x, z).

For a linear plasma profile, D. Mosher {13} has shown that
L, = 4D coi({) (53)

where D is the patch depth (distance from the ambient electron density to a plasma frequency equal
to the radar frequency). In the case of the linear electron density profile, Mosher also shows tha
the dircction of the exiting wave front is related to the positiona: perturbations of the AIM profile

by

YL sin(Q), (L cas(Q) = —L——[ath) - &l - £,)] . (54)
2D ¢oi(B)

where €(£) is the position perturbation relative to the idcal AIM profile, orthogonal to the AIM
surface. For the purposes of our analysis, we assume that € position ¢rrors arc on the sanw onlesr
as Az, thus the approximation &(f) = Az(0).

The reduction in effective gain from the AIM surface due to the wave front parturbations is given
by the integration of the clectric ficld at the plasma surface, which can be reduced o
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L 2

L) =—L— | expligt® - k(L - Dcos(d)) ] . (55)

where L is the length of the AIM surface, the phase term is compensated relative to the far-ficld
path length in the direction of the maximum gain, and integration is performed over the extent of
the AIM surface associated with an exiting wave front. Substituting equation (52) into (55) and
simplifying gives

L 2
Ly(Q)=—1 explisp0) dt| , (56)
-oF))
where
S§L) = k sin(0) j 8u sin(8), u cos($)) du . (57)
e

Suwe L{) is a funcrion of Az(f) and A- has been modelled as a random perturbation, L() is best
charicterized through its statistical moments. The first order moment is found by taking the
expescod value as follows:

/

Brap) = ~L— 1 | Hlexplisow) - joew))) duv
8y

‘e (5%)

= .”.“L_ﬂ;é [J} (’.l;{' %-Ro(u, v)’} ditedv .

where
%f\’ du.v) = Hi ) - &(")F}
<03
N k2 sin*({) L, o

i, (a.i)mg:) Rilu - v + 1)) dt.
*col

In (591, RA %) is the autocorrelation function of &(f), or in our case of Az().
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Therefore, given a statistical model for the AIM positional errors, the impact of these errors can be
related to a corresponding reduction in wie unperturbed patch gain. This loss in gain can
subsequently be expressed in terms of its impact on the overall radar detection performance. In

order to quantify the loss, we assume an exponential autocorrelation for e(l),

Ryv) = Elat+ vat))
= o exd-69(7LP)., (60)

where o2 is the ms location error and L is the 50% correlation distance. Equations (60) and (59)
can be substituted into (58) and integrated numerically to determine the loss in patch gain as a
function of the magnitude and comrelation length of patch roughness.

In order to assess the overall impact of AIM related losses on the radar performance, the dispersion
factor, (58), and absorption factor, (49), are multiplicd to obtain a combined one-way AIM loss
factor. In considering the two components of this combined loss, we see that as the patch depth,
D, is increased the dispersion loss decreases (due to increased averaging), while the absorption
loss increases. This phenomenon introduces a trade-off between the two competing loss
mechanisms, resulting 1n an optimal AIM density gradient for a given set of heater/radar design
parameters. In comparing Figure 9 with Figure 15 it is apparent that a heater step size of 1/4
beamwidth will provide sufficient AIM smoothness, so that the limiting factor determining beam
dispersion will be the heater control ervors shown in Figure 15. Figure 22 illustrates the loss trade-
off between absorption and beam dispersion as a function of patch depth. In this figure the
clectron density profile is a assumed to be linear with altitude and the patch depth is measured iy
the distance from the ambient density to the plasma density corresponding to the critical density {ic.
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3.3 AIM Lifetime and Wind Effects

3.3.1 AIM Lifetime

The time of utility of the AIM cloud is controlled by two physics considerations. The first of these
is the cooling rate of the electrons following formation of the cloud. The reason for this is that the
fractional absorption of the radar signal is high for energetic electron distributions such as required
for the formation of AIM clouds. Following the ionizing heater pulse the electron distribution
relaxes in energy by first exciting optical lines and subsequently vibrational and rotational levels of
N2. Cooling rate estimates are of the order of 10-5 sec and are consistent with laboratory
experiments [14]. Further analysis of the cooling processes is planned using the Fokker-Planck
code. The useful life of the AIM cloud starts following the electron relaxation, since at this point
the fractional absorption of the radar signal is minimized.

The end of the AIM cloud useful lifetime (the second physics consideration) is controlled by cither
local density decay processes or by non-local transport process. For the range of altitudes under
consideration (60-80 km) the dominant transport process is related to neutral winds. Electron
diffusion is extremely weak since it is ambipolar. Therefore, lifetime estimation has concentrawed
on the local decay processes due to their shorter time scale. Previous work on the subject
{Lombardini, [17] and Gurevich, [16]) identified the three-body attachment process as the cause
of the electron density decay of the electron distribution after it has relaxed in energy, which
volves two O molecules and one clectron. The time scale for this process is

t = 5{515)2 s (61)

where Mo, is the neutral density of Oy molecules (#cm?). Therefore, depending on altitude, it is
0f the order of .01-1 se¢c. During a review of the literature, it was noted that in several laboratory
experiments, both in the US and USSR, in which the decay of plasma due to local processes v av
observed [17 - 21] the plasma lifetime was much fonger than expected by the value of ¢, given
thove. Furthermore the lifetime scaled with the square of the plasma density square, indicating
reombination as a domirant effect. Finally the lifetime had 2 dependence on the energy expendd
in producing the aischarge. All of the above indicate that detachment due to the interaction of
excited Nz and O maolecules with O was balancing threc bady attachment. This resulted in
recombination becoming the dominant plasma loss process. For this to ocour sofficient energy
should be pumped and stored in vibrational N3, thereby accounting for the dependence of the
plasma lifetime on the cacrgy expended. In this case the decay ume will be given by cither
recombination or decay of the vibrational states of O which are substantially loager (fens ol
seconds).

312 Wind Effects

Because the AIM radar system relies on Dappler processing for clutter rejection. the frequency:
domain effects of the reflection process are important. Three major causes of frequency-domain
modifications have been identified: parch motion, wind shear, and turbulence. It is important o
ke that all three of these eifects ane driven by motions of the neutral atmosphere; because of the
very low fractional tonization, 107 or less, and the relatively high ncutral density, plasma
osctilations are expected to be very heavily damped and have negligible cffect on the reflecicd
signal.




As soon as it is created, the ionized region will move with the neutral atmosphere in which it is
embedded. This motion will cause a doppler shift in the signal reflected from the patch, which
must be compensated by the radar signal processor. The situation is similar to that encountered in
an airborne MTI radar, and signal processing techniques for these situations are well developed. It
is not anticipated that motion of the patch as a whole, regardiess of the wind speed, will degrade
the performance of the system.

If a wind shear exists at the point where the patch is created, the patch will not only move, but be
altered in orientation and shape. Because vertical shear is generally much more severe than
horizontal shear, it is expected to be the dominant source of shear-induced doppler effects. The
vertical extent of the patch is typically 300-600 meters; at altitudes of 70 kilometers, vertical shears
of as much as 0.05-0.07 sec-! are known to exist. (This figure represents the 1% probability
maximum shear at Cape Canaveral, from {22].)

This worst-case situation represents a wind velocity change of 15-40 m/s over the vertical extent of
the patch, which corresponds to a rotation of ().7-3.6 degrees per second. This will cause a change
in the direction of the reflected beam of 1.4-7.2 degrees per second. Although this has minor
effect on the pointing of the beam, it does impose a scanning modulation on the target signal given
by

gy =0.265 o (62)
9

where dy is the frequency deviation of the power spectrum in Hz, @, is the scanning rate in
degrees per second, and ¢ is the beamwidth in degrees. The maximum frequency spread for the

example system discussed above, for which @, ., = 12° i3 0.16 Hz. If the coherent integration
time for the radar system is less than 6 seconds, the frequency resolution of the system will be oo
coarse to detect this modulation. For a radar frequency, f, this frequency deviation camresponds to
a velocity deviation of
¢ G .

og - ";”.‘f . (6-’)
which for our example equals 0.48 meters per second. This s the worst-case frequency spread
due o shear for the example system; because it is equal to the velocity soread of a calm sea, 1
would have a shght effect on clutier rejection for targets over sea. In gencral, the impact of shear
duced scanning modulation is expected to be slight.

3.4 Faraday Rotation

Depending on the geographical location and onentation of the paich, the geomagnetic ficld will
cause soune amoum of Faraday rotation of the polanzaton of the reflected radar signal. In sonw
cases, such as a system viewing targets over land, this may be of linle impontance. As discessed
i Section 3.1 scattering charactenstics of sea clutter are strangly polanzation dependent. Figure
23 shows the HF vertical and honzontal co-polarization crass sections (G, and Gai respeitively)
for a moderate level sea state, based upon a widely accepted madel for backscatter from the wea

123]). These curves show Oaa to be on the arder ut 20 dB down from G,.. Thercfare, the
prefersed polarization for reducing sca clutter returns is a linear honizomtal clectric field. From
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Figure 23. Sea Clutter Cross Sections for a Moderate Sea State!

Equation (48) we see that as long as the Faraday rotation can be kept to less than 10% (ie. 3 < .1)
the horizontal backscatter will be the dominant clutter return. This assessment assumes that the
polarization separation is limited by the rotation in the AIM, rather than at the transmit and receive
channels.

In modeling Faraday rotation, it is necessary to employ a vector wave equation to determine the
change in the polarization of the incident wave. The approach selected follows that of Budden,
{24], i.e. the calculation of the 1.ilection coefficient rather than the electric field vector to avoid
singularities at the reflection point.

In this approach, a vacuum reflection coefficient matrix R is defined to be

[?"J - R[?V]. (64)

v vr.

Where £, and ¥, are the equivaient vacuum fields at the point where R is evaluated, and the iund v
subscripts indicate incident and reflected waves. The R maurix indicates the degree 1o which
horizontally polarized incident waves are transfoimed into vertically polanzed reflected waves, and
vertically polarized incident are transformed imo horizontally polarized reflected, by Furaday
rotation. A complex matrix differential equation for R in tenms of altitude may be derived {22],

2}%—?-—- W2|+W22R—RW”“RW12R. (O61)

where the w's are matrix functions of the plasma propertics at that altitude and the intensity and
orientation of the magnetic field. This set of equations may be solved using any of the various

1 Cross section models taken from {23).
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approaches for ordinary differential equations; in this case, an adaptive altitude step Runge-Kutta
method was used.

Computations using typical profiles produced by simulations of the plasma formation process
show rotations of as much as 2-3 radians for the worst-case location and patch orientation. In
these cases, it may be necessary to precompensate for Faraday rotation by adjusting the
polarization of the transmitted signal. Because the amount of rotation depends only on the depih,
location, and orientation of the patch, the amount of compensation required can be computed or
determined by experiment and upplied each time a patch is created. It is important to note that any
AIM radar system which scans in azimuth, and which uses polarization control to take advantage
of the difference in sea reflectivity, must already have the ability to transmit varying polarizations;
so using this capability to compensate for Faraday rotation does not add additional complexity to
the system.




4.0 Projected Thireat and AIM System Performance

4.1 The Cruise Missile Threat

In order to quantify the potential performance of an AIM based system, a specific surveillance
mission and associated threat was selected. Because of the potential use of this type of system as
an adjunct to a traditional skywave OTH radar and the importance of the mission, we have selected
the continental United States strategic defense as the candidate mission, and the corresponding
threat is a low-flying air or sub launched cruise missile. Selection of this mission and threat
presents a number of challenging problems.

First, the surveillance environment consists primarily of long-range (beyond-the-horizon) air space
over the sea. In order to provide OTH coverage, the AIM will be created at approximately 70 km
altiwde, giving a down looking beam. The corresponding grazing angle will vary from (" at the
AIM horizon (~ 1100 km) to 15° at 200 km. Therefore, as Figure 23 illustrates sca clutter
backscatter will become a Limiting factor as the target closes in range. In order to help reduce the
sea clutter, a horizontal polarization is preferred (see discussion in Section 3.4).

The second issue to be considered is the relative geometry of a low-flying target over a conducting
surface, such as the sea. As is well known, this geometry can give rise to severe multipath nulls.
An effective approach to dealing with multipath is the use of frequency diversity. As the transmit
frequency is changed, the multipath nulls move in range (with the exception of the first null at the
AIM horizon). This effect is illustrated in Figure 24, where a single frequency multipath responsc
is compared to the average response due to a transmit frequency that is hopped between three
frequencies: 43 MHz, 49 MHz, and 54 MHz. As these curves illustrate, the use of frequency
diversity all but eliminates the multipath nulls.

Finally, the radar cross section characteristics of a cruise missile play an important role in how well
the radar will be able to detect and maintain a track on the target. Figure 25 shows a numerically
calculated radar cross section of a cruise missile like target. The target consists of a metallic cigur-
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shaped cylinder with metal fins. The dimensions of the target approximate those of a typical cruise
missile. While the resulting cross section calculations do not exactly match those of & real cruisc
missile, they do give a good indication of the relative dependence upon frequency and polanzation.
As these curves indicate, resonance occurs in the 50 - 100 MHz range, with a consequent fait off
as f4 below this region (corresponding to Rayleigh scattering). Additionally, for low grazing
angle, closing gcometries there is a strong dependence on polarization, with horizontal polanization
providing from 10 t0 20 dB advantage. Therefore, the positive frequency and polarization control
offered by AIM can be used to simultancously exploit the cross section characteristics of both the
target and the sea clutier.

4.2 A Basecline System and its Predicted Performance

Baseline Heater:

This section describes the curvent baseline heater system and describes trade studies that have been
performed 1o arrive at this baseline. There are two rather distinctive approaches for simultancously
obtaining the high ERP, achicving the positive ficld gradient needed for controlled breakdown, and
controlling the plasma cloud with sufficient precision that it may be used for the radar application:

1) alarge, solid-state phased array, or
2) high-power tubes (klystroas, likely) feeding several dishes.

Y Taken from C. C. Cha, Syracuse Rescarch Corporation (25).
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Our current understanding of the pheromenology and the available technology leads us to favor the
solid-state approach for the Full Scale Engineering Development system because of its greater
controllability, likely lower life cycle costs, and greater reliability. The tube approach is currently
favored for an atmospheric proof of principle demonstration because of its lower development
cost.

Based on our study of the plasma creation process and associated control requirements, formation
of an AIM that will efficiently reflect HF/VHF radar waves requires a heater with baseline design
characteristics as follows:

Heater frequency in the UHF band,

Moderate (about 10%) frequency agility,
Effective radiated power of 156 dBW,

Average radiated power of 2-5 MW,

Duty cycle of 0.1-5 %, and

Flexible and accurate control of the E field focus.

* * o - L ] -

The current baseline concept for the heater antenna consists of a large, phased array (about 4 km?)
with solid state transmit elements, each radiating at a nominal frequency of 425 MHz (Figure 206).
While the number and placement of the antenna elements is still subject to a detailed design, the
general trade-off is one of increasing the number of elements (ie. radiating aperture) in order to
reduce the required heater energy per AIM cloud. As the array area is filled, it becomes more
efficient in terms of placing radiated power at the heater focus, consequently requiring less total
radiated power.

To support the requirement for near-field focussing of the heater, each sub-panel will be digitally
calibrated and synchronized. Reference signals will be measured by receivers used to provide
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calibration for each sub-panel. Digital control and waveform synthesis will provide very accurate
synchronization of the transmit waveforms, allowing complete flexibility in synthesizing the field
distribution at the breakdown region by specifying the phase and amplitude weights for each sub-
panel.

An aliemate approach would consist of an array of reflectors up to 25 meters in diameter driven by
high powered L or S band klystrons. The number of reflectors may vary from 25 to several
thousand depending on the size of the reflector, AIM requirements and output characteristics of the
klystron. The number of klystrons may vary from 10 to several hundred depending on their
output. A design for a L band klystron with 1 GW output power for a 1 pus pulse has been

proposed. There exists a commercially available L band klystron at 250 MW with a 1 ps pulse.
This array of reflectors would be focused as the baseline concept with digital waveform synthesis
and control. The ultimate choice will be determined based on system trade-offs of AIM creation
phenomenology, performance requirements, and cost.

Baseline Radar:

The baseline AIM radar consists of a phased array aperture operating in the 30 - 60 MHz range,
with an ERP of 98 t0 104 dBW. The radar will operate with a frequency-swept FM pulsed
waveform, where the pulse width is chosen to match the 540 km two-way propagation time, from
the radar to the initial range of surveillance. This will provide maximum average power,
compressed range resolution, and co-location of the transmit and receive aperture. Table 5
summarizes the pertinent radar/patch parameters for 25 MHz and 50 MHz baseline designs. These
designs will provide a 360° azimuth scan, with a 1.5° to 3° azimuth beamwidth and range coverage
of 200 to 1000 km for a low flying target (50 m altitude). Scan update times for 360° coverage will
be on the order of 1 to 4 minutes, depending upon AIM lifetimes and azimuth beam width.

Table 5. Two Baseline Radar Configurations

dystem Parameters HF AIM VHF AIM
Average Power 1.2 MW 1.2 MW
Antenna Apenture (Gain) 250 x 250 m (37 dB) 250 x 250 m (43 dB)
Frequency - 25 MHz 50 MHz
Bandwidth ' 10 kHz 100 kHz
Etfective Noise Temperalurc 13,000° K “T.000°K
System Losses ' ~ 10dB ' 10 dB

Patch Parameters _

Size 1.5% 3.0km 1.4 x 2.0 km
Altitude 70 km 70 km
Inclinaton AP ds° 40° 10 45°
Propagation Loss 4 dB (one-way) 5.5 dB (onc-way)
Relative Polanzation (VV/HH) -24 dB -24dB
Heam Dispersion 1.5%2,15%¢l 1.5%z, 15%¢|

Baseline Performance:

Figure 27 indicates the expected performance of the two bascline radars shown in Table §, using
AIM against targets at 200 - 1,000 km ranges. There curves illustrate the sensitivity of the radar
detection performance in a moderate level sea clutter and in noise.  All AIM and system related
losses have been included in the analysis. The minimum detectable target is defined as the
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minimum radar cross section required for a probability of detection exceeding 90% with a false
alarm rate of 10-3 (~ 100 pre-tracking false alarms per scan). As can be seen, the VHF radar has
over 30 dB margin against the target illustrated in Figure 25.
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Figure 27. AIM Detection Performat.ce Provides 30 dB Margin at VHF




5.0 Summary

As the results in this paper have indicated, the operational geometry and radar characteristics of an
AIM based surveillance radar can provide system performance that is well suited to the long-range
detection and tracking of small, low-flying targets, as exemplified by the ALCM and SLCM
threats. The performance characteristics of a stand-alone AIM system are highlighted by

200-1200 km detection/tracking ranges (depending on target altitude),

azimuth coverage over 360°, or any fractional sector,

beam grazing angles of less than 10 degrees (for 65-80 km high AIM),

goaod horizontal polarization control,

operation at RFs in the HF to low VHF (to about 90 MHz), and

90% detection probability of a -25 dBsm target at 1,000 km range, providing 30 dB
of margin for typical low observable threat projections at VHF.

* @ ® o & @

In the case of strategic defense of the continental United States, an AIM system can provide an
important augmentation to current and planned deployment of more traditional skywave over-the-
horizon radars. AIM enhances the overall performance of these OTH radars by

+ filling in the range hole that exists out to about 1000 km due to the minimum HF
hop distance,

+ mitigation of auroral effects in polar directed surveillance sectors,

* sustained operation through periods of increased sunspot activity and other iono-
spheric degradations,

« availability of the upper end of the HF spectrum during the diurnal ionospheric
cycle, and

» improved detection of LO targets through frequency selection and positive polar-
izaton control,

The basic questions concerning the feasibility of the AIM concept all relate 1o how reliably one can
create the AIM within tolerances necessary for useful reflection of the radar signal. Issues that
directly impact AIM utility (size, shape, orientation, uniformity, smoothness, peak electron
density, steepness of the density gradient, and density lifetime) have been addressed above.
While some uncertainties still remain, efforts to-date have reduced these uncenainties to the extent
that there appears to be no phenomenological issue preventing realization of the AIM concept. This
is based upon extensive physics studies and system trade-off considerations. Results of these
investigations indicate that the AIM can be created using current technology, with the necessary
radar reflective characteristics to provide wide area surveillance and early detection and tracking of
the ALCM/SLCM threat of the future. Based on these results, the next phase of effort should
include the careful design and planaing of an atmosphenc demwastration of the AIM concept.
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